Introduction
In 1987, two papers reported the conservation in flies and vertebrates of oncogenes -genes with a normal function in development that, when mutated or misexpressed, can cause cancer. One of these genes is called int in vertebrates and wingless in flies (Rijsewijk et al., 1987) , and the other c-rel in vertebrates and dorsal in flies (Steward, 1987) . In the present day era of genomics, the conservation of genes and entire signaling and metabolic pathways is taken for granted and used computationally to identify additional genes functioning in a given pathway, developmental process or in disease (Zhong and Sternberg, 2006) .
There are three nuclear factor kappa B (NF-kB) homologs in Drosophila: Dorsal, Dif and Relish. All three proteins contain the well-conserved N-terminal Rel homology (RH) domain. Based on their protein structure rather then their sequence similarity, the NF-kB proteins have been subdivided into four subfamilies (Huguet et al., 1997) . Dorsal and Dif belong to subfamily I, along with c-Rel, RelA and RelB. The RH domain of all these proteins are about 40% identical. The Dif and dorsal genes lie within 10 kbp of each other on the second chromosome and likely arose owing to a gene duplication (Meng et al., 1999) . It is interesting to note that only the Drosophilidae, among insects studied so far, have two family I proteins and that the RH domains of Dorsal and other insect family I proteins are more highly conserved (B65% identity) than Dorsal and Dif are to one another (45% identical; Bian et al., 2005; Tanaka et al., 2005) .
The Relish gene lies on chromosome 3 and encodes a NF-kB protein that contains a C-terminal inhibitory ankyrin repeat domain. It is the only member of subfamily III and most similar to NF-kB2 or p100, a member of subfamily II. Drosophila does not have a homolog of the vertebrate subfamily IV, the NF-AT factors. The subfamily II and III proteins are activated by proteolysis that removes the ankyrin repeats, which are also present in IkB proteins. In contrast to vertebrates, Drosophila contains a single, independent IkB protein, called Cactus, which is most closely related to IkBa (Huguet et al., 1997) .
The fly NF-kB/IkB proteins function in the formation of dorsal-ventral polarity, in cellular and humoral innate immunity, in defense against viral and parasitic infections, in hematopoiesis and in the formation of melanotic tumors/nodules. This review summarizes what is currently known about the regulation and the function of NF-kB family proteins in Drosophila melanogaster. We discuss new insights into the function of the NF-kB pathways and NF-kB proteins in several distinct processes. We place special emphasis on the intracellular components of the systems (the actual NF-kB pathways), even though much has also been learned in the last 7 years about the maturation of the Toll ligand Spa¨tzle during oogenesis/embryogenesis. Similarly, fundamental new insights have been gained in the extracellular events connecting microbial infection with the activation of the Toll and Imd pathways. A more complete summary of the extracellular events can be found in other recent reviews (Roth, 2003; Brennan and Anderson, 2004; Mengin-Lecreulx and Lemaitre, 2005; Moussian and Roth, 2005; Tanji and Ip, 2005 ).
An overview of the dorsal-ventral signaling pathway in Drosophila melanogaster
Early systematic genetic screens conducted in several laboratories identified maternal-effect mutations that disrupt the dorsal-ventral pattern of the resulting embryos (Anderson and Nu¨sslein-Volhard, 1984; Schupbach and Wieschaus, 1989) . Twelve genes were identified whose products are deposited in the egg by the mother and are required for the proper elaboration of cell-fate along the dorsoventral axis of the embryo. Eleven of these genes comprise the 'dorsal group.' Null mutations in each of these genes give rise to embryos in which each cell along the dorsoventral axis assumes a dorsal fate. The remaining gene, cactus, is unique: lossof-function mutations in this gene result in ventralized embryos.
Molecular analyses of these genes and their products, combined with genetic epistasis experiments, have shown that the products are components of a signaltransduction pathway that culminates in the graded nuclear localization of Dorsal protein ( Figure 1a ) (Roth et al., 1989; Steward, 1989) . Threshold levels of Dorsal control the expression of zygotic genes. Thus, dorsalmediated gene expression represents the transition from maternal to zygotic control of dorsal-ventral patterning in the Drosophila embryo.
Embryonic dorsal-ventral asymmetry is set-up in the egg chamber midway through oogenesis and is controlled mainly by epidermal growth factor signaling (reviewed by Roth et al., 2003; Moussian and Roth, 2005) . This asymmetry is transmitted to the embryo through the interaction of two groups of genes. One group is expressed specifically on the ventral side of the follicle cells that surround the oocyte and secrete the egg membranes. The other group is mainly made up of the three dorsal group genes gastrulation defective, snake and easter, all three encoding serine proteases. They are expressed in the oocyte and their products are secreted into the perivitelline space, between the egg or early embryo and the egg membranes. The proteases form an activation cascade similar to that observed in blood clotting (Krem and Di Cera, 2002) , that culminates in the maturation and cleavage of the ligand, Spa¨tzle, that in turn activates the Toll-Dorsal signaling pathway (Morisato and Anderson, 1994; Weber et al., 2003) .
Spa¨tzle is thought to form a gradient in the perivitelline fluid. The shape of the gradient is achieved by feedback loops involving Spa¨tzle itself as well as the three dorsal group serine proteases and a serpintype serine protease inhibitor Serpin27A (Spn27A) (Hashimoto et al., 2003; Ligoxygakis et al., 2003) . Toll signaling is ultimately responsible for the formation of the embryonic Dorsal nuclear gradient (Figure 1b) .
Toll encodes a transmembrane protein with homology in the extracellular domain to thrombin receptor and an intracellular domain with homology to the interleukin receptor, the toll/IL-1R (TIR) domain (Hashimoto et al., 1988) . Several Toll genes exist in Drosophila, but only the original Toll functions in dorsal-ventral Figure 1 The Drosophila NF-kB pathways in early embryogenesis and in the immune response. (a) Cross-section through a syncytial blastoderm stage embryo stained with anti-Dorsal antibody. Note the graded dorsal-ventral nuclear distribution of the darkly staining Dorsal protein. Superimposed on the cross-section is the fate map. The ventral-most nuclei, which contain the greatest amount of Dorsal protein, will give rise to mesoderm, the adjacent nuclei to mesectoderm and the next threshold level of Dorsal protein will determine the future neurectoderm . The nuclei on the dorsal side of the embryo express certain genes, which are repressed on the ventral side by Dorsal and co-repressors, and these dorsal cells will differentiate into dorsal epidermis and the embryonic membrane, called the amnioserosa. The types of enhancers controlled by Dorsal in different parts of the gradient are also indicated. (b) Schematics of Drosophila NF-kB pathways. On the left is the Toll-Dorsal/Dif pathway, and on the right is the ImdRelish pathway.
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Toll protein is present around the entire circumference of the embryo and is thought to be activated in a graded manner by its ligand Spa¨tzle. Dominant, constitutively active, alleles of Toll cause Dorsal to translocate into nuclei around the entire circumference of the embryo, even in the absence of the activity of the proteases or Spa¨tzle (Morisato and Anderson, 1994) and lead to severe ventralization of embryos. Binding of the Spa¨tzle ligand is thought to cause Toll to dimerize/ multimerize, activating the receptor which then recruits the intracellular adaptor Tube -Krapfen/Myd88 complex (Horng and Medzhitov, 2001; Charatsi et al., 2003; Hu et al., 2004) .
Tube recruits the Pelle kinase (PII), an IL-1R-associated kinases (IRAK) homolog, to the complex, thereby increasing the Pelle concentration wherever the complex is formed. Pelle has been shown to autophosphorylate, and to phosphorylate Toll and Tube. Tube has also been found to interact with the RH domain of Dorsal in the yeast two-hybrid system (Edwards et al., 1997; Yang and Steward, 1997) , suggesting that Tube may recruit the Dorsal-Cactus complex to the periphery of the embryo where the two proteins will be subjected to further modifications.
Both Dorsal and Cactus are multiply phosphorylated (Kidd, 1992; Whalen and Steward, 1993; Gillespie and Wasserman, 1994; Drier and Steward, 1997; Drier et al., 1999) , but the kinases responsible for these phosphorylations have yet to be identified. Although Pelle can phosphorylate Cactus and Pelle in vitro, IRAK, the vertebrate homolog of Pelle, does not phosphorylate IkB (Grosshans et al., 1994; Shen and Manley, 2002) . Casein kinase II (CKII) specifically phosphorylates a set of serine residues within the Cactus PEST domain (Liu et al., 1997) , but the in vivo roles of CKII in the Dorsal and Dif pathways are not clear.
In contrast to the vertebrate inflammatory response, the fly IkB kinases (IKK) do not function in the Toll pathways, but are responsible for the phosphorylation of Relish (see below). Functionally related kinases that phosphorylate Cactus and Dorsal remain to be discovered.
Dorsal is retained in the cytoplasm by the IkB protein, Cactus. The ankyrin repeats of Cactus are critical for the Dorsal-Cactus interaction (Geisler et al., 1992; Kidd, 1992) . Cactus binds to Dorsal within the C-terminal third of the RH domain (Tatei and Levine, 1995; Govind et al., 1996) . Two specific residues within Dorsal (C233 and S234) have been implicated in this interaction, as mutations in these amino acids render Dorsal constitutively nuclear (Lehming et al., 1995; Drier et al., 2000) .
The nuclear translocation of Dorsal appears to be regulated at several steps (Drier et al., 2000) . The signaltransduction system acts to phosphorylate Cactus and target it for degradation. The degradation of Cactus occurs in a graded manner, reflecting the graded activation of the Toll receptor (Bergmann et al., 1996; Reach et al., 1996) . In addition, Dorsal undergoes signal-induced phosphorylation in the cytoplasm, an essential step for its nuclear localization (Drier et al., 1999) . Dorsal is then translocated to the nucleus mediated by its nuclear localization sequence and the nuclear import machinery (Steward, 1987) . Several proteins have been shown to function in this process. Tamo functions as a modulator of Dorsal nuclear import, whereas the NTF-2 (nuclear import factor 2), Emb/CRM1, Nup214 (nuclear pore protein 214) and Mbo /Nup88 (Members-only, nuclear pore protein 88) are components of the general nuclear import/export machinery (Uv et al., 2000; Bhattacharya and Steward, 2002; Minakhina et al., 2003; Roth et al., 2003) .
Experiments manipulating the genetic dosage of dorsal and cactus indicate that dynamic mechanisms exist to achieve stoichiometric equilibrium between Dorsal and Cactus (Govind et al., 1993) . Both genes exhibit dosage sensitivity resulting in a reduction of embryonic viability and corresponding degrees of dorsalization or ventralization of the embryos, depending on the dorsal-to-cactus gene copy ratio. The balance between Dorsal and Cactus is critical for the proper formation of the gradient of nuclear Dorsal.
Zygotic Dorsal target genes
In the nucleus Dorsal controls the expression of zygotic genes in a concentration-dependent manner and this process results in the patterning of the dorsal-ventral embryonic axis. Dorsal generally functions as a transcriptional activator; however, depending on the DNA elements present in the downstream promoters, corepressors can be recruited to promoters containing Dorsal-binding sites to cause repression of Dorsal target genes. The expression of specific target genes is dependent on the nuclear concentration of the Dorsal protein and on the composition of the regulatory elements/enhancers of the target gene. Enhancers contain conserved sequence motifs (kB-binding sites) with different affinities for binding by Dorsal and also binding sites for co-regulators. Twist is one of the earliest target genes controlled by the highest concentration of Dorsal in the mesodermal nuclei ( Figure 1a) . Twist is also a transcriptional activator and cooperates with Dorsal in activating snail in the mesoderm and mesectoderm. Dorsal and Twist also cooperate to activate the neurogenic gene, sim (single minded), expressed in the neurectoderm and repressed by Snail in the mesoderm and mesectoderm. The three proteins above bind the same enhancer and cooperate to induce the expression of sim in two lateral stripes (Jiang et al., 1991; Kosman et al., 1991; Ip et al., 1992; Kasai et al., 1998) . Genes that are only expressed in the dorsal ectoderm and the amnioserosa are repressed by Dorsal and co-repressors in nuclei where Dorsal is present.
Using a computational approach, Levine and coworkers have identified 30 genes as direct targets of Dorsal. Interestingly, one of these genes, mir-1, encodes a micro RNA (Biemar et al., 2005) . Based on sequence and functional analysis of their enhancer regions the Dorsal target genes they can be subdivided into three categories (Figure 1a) . Type 1 genes/enhancers are regulated by peak levels of Dorsal protein on the ventral side of the embryo, Type 2 are regulated by intermediate Dorsal concentrations, and Type 3 by the lowest concentrations of Dorsal Papatsenko and Levine, 2005) . Examples of specific genes regulated in the three domains of the Dorsal gradient are listed in the Table 1 . The enhancers of all these genes contain Dorsal-binding sites and binding sites for co-factors that are themselves targets of Dorsal as well as binding sites for ubiquitous transcription factors (Uvell and Engstrom, 2003; Papatsenko and Levine, 2005) .
The Toll pathway and the Drosophila immune response Natural or experimentally induced infections by fungi or bacteria elicit a specific response in both adult flies and larvae. The proteoglycans of Gram-positive and Gramnegative bacteria infections are sensed by distinct pattern recognition proteins called PGRPs (peptidoglycan recognition proteins, highly conserved in vertebrates) (Royet, 2004) . Different PRGPs cooperate to activate the Toll pathway. The activation of PGRP-SA by Gram-positive bacteria leads to cleavage of Spa¨tzle (Gobert et al., 2003) . Fungal infection also leads to the cleavage of Spa¨tzle, but the proteolytic cascade in this case involves the circulating serine protease Persephone and a serine protease inhibitor, Necrotic (Ligoxygakis et al., 2002a; Pelte et al., 2006) . Thus, the maturation of Spa¨tzle activates Toll in both early embryo and in the immune response, but the maturation is controlled by different sets of proteases.
Once Toll is activated, the intracellular events for the fly immune response and the proteins involved are almost identical to those in the embryonic dorsoventral pathway (Figure 1b) . The TIR domain of Toll interacts with death domain proteins: Myd88 and Tube and the kinase Pelle. This receptor adaptor complex relays the signal to the Cactus-NF-kB protein (Dif and/or Dorsal) complex (Ip et al., 1993; Manfruelli et al., 1999; Meng et al., 1999) . Dif is the predominant transactivator in the antifungal and anti-Gram-positive bacterial infections (Rutschmann et al., 2000a; Hedengren-Olcott et al., 2004) . Dorsal functions redundantly with Dif in larval immune response, but Dorsal does not function in the adult immune response. In response to bacterial challenge, Dif and Dorsal undergo rapid nuclear translocation in fat body cells to activate their own transcription as well as that of the antimicrobial peptide genes. Drosomycin, Mechnikowin and Cecropin are expressed in response to fungal infections, and Defensin and Mechnikovin in response to Gram-positive bacteria (Lemaitre et al., 1995; Levashina et al., 1995; Levashina et al., 1998; Manfruelli et al., 1999; Imler and Bulet, 2005) . In most cases, Dif is likely to require coactivators, such as TRAP80, to fully activate these immune response genes .
The Imd pathway and the Drosophila immune response
The Imd pathway responds to infections by Gramnegative bacteria and the NF-kB protein in this pathway is Relish (Dushay et al., 1996; Cornwell and Kirkpatrick, 2001; Khush et al., 2001) . In some cases, the Imd-Relish pathway can also be activated by certain fungi, which do not activate the Dorsal/Dif pathway (Hedengren-Olcott et al., 2004). As described above, Relish is a compound protein with an N-terminal RH domain and a C-terminal ankyrin repeat domain that retains the protein in the cytoplasm. The Imd pathway is activated when proteoglycans in Gram-negative bacteria are recognized by a transmembrane receptor PGRP-LC, and by PGRP-LE (Gottar et al., 2002; Takehana et al., 2004; Mengin-Lecreulx and Lemaitre, 2005) . How the recognition of bacteria by the PGRP proteins is transmitted to the intracellular Imd protein is not understood. However, a fly tumor necrosis factor receptor-associated factor 2 homolog is required for both Dif and Relish activation (Cha et al., 2003) . Other downstream events in the Imd pathway are strongly reminiscent of the vertebrate NF-kB pathway (see Figure 1b , Table 1 ). Genetic epistasis experiments show that the transforming growth factor beta-activated kinase 1 (TAK1) kinase functions upstream from the Drosophila IKK complex (Vidal et al., 2001; Silverman et al., 2003) . The fly IKK catalytic subunit is encoded by ird5 and NF-kB essential modulator by kenny and together they control the cleavage of Relish, mediated by the caspase Dredd and its partner Fas-associated death domain (FADD) (Rutschmann et al., 2000b; Georgel et al., 2001; Lu et al., 2001; Leulier et al., 2002; Silverman et al., 2003) . Surprisingly, Dredd and FADD are also required for activation of IKK in the Imd pathway, but how this occurs is not known (Zhou et al., 2005) . Like many of the steps in activation of the vertebrate NF-kB pathway, ubiquitination is also involved in Relish activation: that is, the fly homologs of the ubiquitin-conjugating enzymes Ubc13 and UEV1a are required for activation of the TAK1->IKK step (Zhou et al., 2005) . In addition, the Really Interesting New Gene (RING) domain Plenty of SH3s (POSH) protein controls the induction and termination of the Relish pathway by acting as a ubiquitinating enzyme that controls the stability of TAK1 (Tsuda et al., 2005) , and similarly a SkpA component of the fly Skp1/ cullin/F-box-E3 ubiquitin ligase may also negatively regulate the Imd pathway (Khush et al., 2002) . In any event, activation of the Imd pathway results in C-terminal partial proteolysis of Relish, much like what occurs with p100 in vertebrates, leading to the nuclear translocation of the RH domain part of Relish. Relish controls the expression of the antimicrobial peptides Attacin, Cecropin and Diptericin (Dushay et al., 1996; Stoven et al., 2003; Hedengren-Olcott et al., 2004; Imler and Bulet, 2005) . Exactly how proteolytically cleaved Relish activates target genes is not known; for example, whether there is a Bcl-3 homolog in flies that acts as a co-activator for processed Relish is not known. However, Yagi and Ip (2005) have recently shown that the Helicase89B is required for the activation of antimicrobial genes by both Relish (and Dif). In an opposite manner, binding of activator protein-1 to several Relish-activated target genes can recruit the histone deacetylase HDAC1 to terminate gene activation .
The findings that imd mutants are impaired in the response to Gram-negative bacterial infections and Toll (Hashimoto et al., 1988; Hu et al., 2004) Tube (tub) Adaptor protein (Letsou et al., 1991; Charatsi et al., 2003) Pelle (pll) Serine/threonine kinase IRAK (Shelton and Wasserman, 1993; Muzio et al., 1997) Myd88 Adapter that associates with both Toll receptor and Pelle; contains Toll/IL-1R homologous region (TIR) (Horng and Medzhitov, 2001; Charatsi et al., 2003) Cactus (cact) IkB-protein with ankyrin repeats (Roth et al., 1991; Geisler et al., 1992; Kidd, 1992) Dorsal (dl) NF-kB transcription factor (Steward, 1987 ) Dorsal-related immunity factor (Dif) NF-kB transcription factor (Ip et al., 1993) NF-kB transcription factor (N terminus) with IkB-like ankyrin repeats (C terminus) (Dushay et al., 1996) Transcriptional targets of the pathway Attacin (att) Antimicrobial peptides Reviewed by Imler and Bulet (2005) Cecropin (cec) Diptericin (dpt) etc.
Abbreviations: EGFR, epidermal growth factor receptor; FGF, fibroblast growth factor; NGF, nerve growth factor; IL, interleukin, IKK, IkB kinase; IRAK, IL-1R-associated kinases; NEMO, NF-kB essential modulator; NF-kB, nuclear factor kappa B; PGRP, peptidoglycan recognition proteins; TAK, transforming growth factor beta-activated kinase 1; TGF, transforming growth factor. mutants are sensitive to fungal and Gram-positive bacteria suggest that distinct pathways are used in these defenses. However, the level of activation and the expression of the immune peptides depend on the infecting bacteria. Some bacteria apparently can activate both pathways. In these situations, Dif and/or Relish can activate Cecropin expression, usually thought of as a Relish target (Hedengren-Olcott et al., 2004) . The target enhancers may be bound by homodimers and/or heterodimers of the three NF-kB proteins. For example, the enhancer of the immune peptide gene drosomycin contains kB-elements that can be bound by both Dorsal/ Dif and Relish (Han and Ip, 1999) . Thus the transcription factors may cooperatively regulate several immune peptide genes.
Additional functions of Drosophila NF-kB proteins
The role of NF-kB pathways in fly immunity is not restricted to activation of immune peptides. The ImdRelish pathway has been linked to a programmed cell death by proteins functioning both in Relish activation and in apoptosis (Takatsu et al., 2000; Georgel et al., 2001; Kleino et al., 2005; Tsuda et al., 2005) . The Toll pathway is a central regulator of multiple aspects of Drosophila immunity, including resistance to viruses, regulation of the melanization cascade and the cellular immune response. These aspects of the immune response are not as well understood as the regulation of immune peptide expression.
Few studies of response to viral infection in Drosophila have been published. Different viruses provoke specific responses generally not involving the NF-kB pathways (Cherry and Perrimon, 2004; Dostert et al., 2005) . Toll and Dif have only been implicated in the response to Drosophila X virus (Zambon et al., 2005) .
Toll, along with Jak-signal transducer and activator of transcription, are key pathways functioning in the cellular immune response. This response involves changes in the hematopoietic system, including blood cell proliferation, differentiation and activation. These blood cells are the plasmatocytes that function in phagocytosis, lamellocytes, that encapsulate foreign objects such as parasites, and crystal cells, that control the melanization cascade (Evans et al., 2003; Meister and Lagueux, 2003; Nappi and Christensen, 2005) . The melanization cascade is also regulated by serine proteases and the same protease inhibitor, Spn27A, functioning in Spa¨tzle maturation in the early embryo (Castillejo-Lopez and Hacker, 2005; . The Toll pathway is thought to negatively regulate Spn27A and thereby control melanization (Ligoxygakis et al., 2002b; Castillejo-Lopez and Hacker, 2005; .
Mutations in Toll, cactus and tube strongly affect the encapsulation of wasps in larvae (Qiu et al., 1998; Sorrentino et al., 2004) . The encapsulation capacity is tightly linked to Drosophila blood cell proliferation and activation. Mutations in Toll and cactus that lead to constitutive activation of the Toll pathway cause an overgrowth of hematopoietic organs and expansion of the hemocyte population. In these mutants, the overproliferation of blood cells leads to abnormal activation of the cellular immune response and results in the formation of melanotic tumors or nodules (Qiu et al., 1998; Govind, 1996; Minakhina and Steward, in press ). In addition to the melanotic nodules formed by hemocytes, cactus mutants have melanized tumors consisting of diverse tissues, probably caused by Dorsal activity in these cells. This phenotype suggests that cactus and dorsal are expressed in some tissues that do not express Toll (Minakhina and Steward, in press ). Studies of the lesswright gene, which encodes a small ubiquitin-like modifier (SUMO)-adding enzyme, indicate that SUMO addition is required for proper regulation of Dorsal and Dif in hemocytes: namely, loss-of-function lesswright mutations result in constitutively nuclear Dorsal and Dif proteins in hemocytes and the formation of melanotic tumors owing to increased numbers of hemocytes (Huang et al., 2005) . Similarly, the Drosophila Ubc9 SUMO-lating gene also appears to repress Dorsal and Dif function in controlling lamelocyte proliferation and drosomycin gene expression (Chiu et al., 2005) .
Toll-independent functions for Dorsal and Cactus are also proposed in the neuromuscular junctions (Bolatto et al., 2003) . Mutations in dorsal and cactus cause neuromuscular defects, but how the proteins are controlled and function in the junctions is not well understood (Bolatto et al., 2003; Beramendi et al., 2005) .
The NF-jB pathway in other invertebrates NF-kB pathways are present in mollusks, arthropods and vertebrates and generally function in immune response and development. A Relish homologous gene has been cloned from the Japanese Oyster, Crassostrea gigas. It can activate immune peptides when expressed in S2 Drosophila tissue culture cells (Montagnani et al., 2004) . Similarly, a Dorsal/Dif homolog has been isolated from the beetle, Allomyrina dichotoma; this protein activates the transcription of immune peptide genes when transfected into Bombyx mori cells (Sagisaka et al., 2004; Tanaka et al., 2005) .
The ancient origin of NF-kB proteins is underlined by their presence in the most ancient arthropod, the horseshoe crab, Limulus. This animal has survived unchanged for B550 million years and has genes that are homologous to dorsal/Dif and to Relish, as well as an IkB homolog. All three function in the regulation of the Limulus immune defense (Wang et al., 2006) .
The NF-kB proteins and the immune response are particularly well studied in mosquitoes (Barillas-Mury et al., 1996; Cramer et al., 1999; . Generally, mosquitoes have two NF-kB proteins: one family I NF-kB protein similar to Dif and Dorsal and one Relish homolog. The proteins function in both the cellular and humoral immune response. In Aedes aegypti the family I NF-kB protein functions in the defense against fungal infections, whereas the Relish homolog functions in defense against Gram-negative bacteria.
No defense against Gram-positive bacteria has been found . In A. gambiae the Relish homolog functions in the defense against Gram-positive and Gram-negative bacteria (Meister et al., 2005) .
Arabidopsis and Caenorhabditis elegans have proteins weakly related to IkB-related proteins, but they do not have NF-kB proteins, even though they both have a host defense system Graef et al., 2001; Chisholm et al., 2006) . Moreover, C. elegans has homologs of other genes involved in the immune response in both Drosophila and vertebrates, but they do not function in the nematode defense system (Pujol et al., 2001) .
Concluding remarks and future directions
When we wrote our review for this journal approximately 8 years ago, we predicted that genetic screens would identify additional players in the Toll and Imd pathways. This prediction came only partially true. Many new genes functioning in the activation of the Toll and Imd pathways were identified and the first steps in response to bacterial and fungal infections are much better elucidated now. Our understanding of the events leading to the maturation of the Spa¨tzle ligand during oogenesis, embryogenesis and the immune response has also vastly increased. Finally, kinases functioning in the Imd pathway have been identified. Other genes that have been isolated in the past several years are not specific to the NF-kB pathways, but have more general functions, such as ubiquination, protein degradation and nuclear import.
The Drosophila NF-kB pathways are relatively simple and involve many fewer genes than their vertebrate counterparts and it is likely that only very few genes functioning specifically in these pathways remain to be discovered. In the future we will learn the precise function of the pathways in the cellular immune response and hematopoiesis, and possibly discover yet unknown functions.
Because of the impressive conservation of the NF-kB pathways, Drosophila is used as a model to study defense of the organism to infection with parasites, virus and bacteria. This is done both in the fly and in Drosophila tissue culture cells (Brandt et al., 2004) . A Drosophila model for studying malaria infection has been established and it appears that the cellular immune response is controlling the multiplication of Plasmodia in the fly (Schneider and Shahabuddin, 2000; Vernick et al., 2005) . No doubt these approaches will identify new, conserved genes essential for the defense against specific pathogens and will hopefully result in the development of new treatments to deal with infections.
